Nanoscopic coexistence of magnetism and superconductivity in YBa 2 Cu306+a; detected 

by ^uSR. 
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We performed zero and transverse field /^SR experiments on a large number of YBa2Cu306+a; 
samples. We detect coexistence of antiferro-type (AF) short range magnetism with superconduc- 
tivity below Tf < 10 K in compositions 0.37 < x < 0.39. Most muons experience local AF fields, 
even when SQUID detects a full superconducting volume fraction, which points to a local minimal 
interference organization of short AF stripes embedded in the superconductor. A detailed phase 
diagram is produced and the consequences of the minimal interference are discussed. 
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The appearance of low temperature magnetism in low 
doping cuprate superconductors was an early /xSR claim 
for YBa2Cu306+s, later also found @ in La,2-xSr x - 
CUO4, but initially highly disputedjS, 0|- More recently 
it has been established that superconducting Yi_j,Caj,- 
Ba 2 Cu 3 6+x 0, Cai^La x Ba 2 -j / Laj / Cu 3 6 _L^ [& 0: 
La2- a; Sr a ;Cui_j,Zn !/ 04 |8| and La2- s Sr^Cu04 |9| exhibit 
magnetic order. Zero field fj.SH detects internal sponta- 
neous magnetic fields Bi in sizeable volume fractions of 
samples which display bulk superconductivity (SC). In a 
few cases the whole volume is involved, i.e. all implanted 
muons experience internal fields. 

Neutron scattering also detects magnetic correlations, 
notably |lfj| in YBa2Cu3 06.35, exclusively dynamic in 
nature, although their static counterpart could be elu- 
sive due to a very short correlation length. The doubled 
magnetic unit cell indicates an antiferromagnetic (AF) 
structure, with a suggested stripe-like character. 

In all the samples explored so far by /LtSR [SIS HIS 13 it 

has been hinted that the cluster spin glass nature of mag- 
netism (low spin freezing temperature, Tf, large distribu- 
tions of Bi and absence of long range order as from neu- 
tron diffraction [lllll^ |) might be favored by the disorder 
inherent in cation substituted perovskites, which directly 
influences the CuC>2 layers. Conversely in YBa2Cu306+z 
(123, hereafter) the source of disorder, namely the basal 
CuOa; layers, are farther removed from the Cu02 lay- 
ers, but systematic /xSR data were lacking, prior to the 
present work. Our aim is to clarify whether the appear- 
ance of coexisting superconducting and magnetic prop- 
erties is indeed intrinsic to the unperturbed underdoped 
Cu02 layers and whether the two properties cooperate 
or interfere. 

We performed /iSR measurements on twenty-four poly- 
crystalline 123 samples (Yi_ 2 4) prepared by the topotac- 
tic technique, which consists of oxygen equilibration of 
stoichiometric quantities of the two end member speci- 
mens, tightly packed in sealed vessels Low temper- 
ature annealing yields high quality homogeneous samples 
with an absolute error of (fo=±0.02 in oxygen content per 



formula unit and a much smaller relative error between 
samples of the same batch. The width of the interval 
were the resistance drops from 90% to 10% of the on- 
set value is 0.5 K at optimal doping and 6-7K at x<QA 
(vs. e.g. 10K in Ref llOj) . The hole content h was de- 
termined from the resistive T c for the superconducting 
samples [l4|, and from the Seebeck coefficient S at 290 
K for the non-superconducting ones, using the exponen- 
tial dependence 1A\ of S on h, with fit parameters de- 
termined from our series of samples |l5j . Samples Yi_s> 
with oxygen content 0.20<x<0.32 and hole content per 
planar Cu atom 0.033</i<0.055, never superconduct, and 
their AF properties were reported previously 0. Sam- 
ples Y 9 ^24, with 0.32<a;<0.42 and 0.055</i<0.08, are 
superconductors and are the subject of the present work. 

The /iSR experiment were performed on the MUSR 
spectrometer of the ISIS pulsed muon facility, where 
the external magnetic field H may be applied either 
parallel to the initial muon spin S^, in longitudinal 
(LF) or perpendicular to S u , in transverse field (TF) 
experiments |17j. The LF detector setup is used also 
in zero field (ZF) experiments. The asymmetry in the 
muon decay is always obtained from the count rates 
Ni in two sets of opposite detectors as A(t) — [Ni (t) — 
aN2(t)]/[N 1 (t) + aN 2 (t)]; the effective relative count ef- 
ficiency a is calibrated at high temperature|l7| . 

The spin precessions around the local field B^ = 
Ho(H + Mfj) yields a TF asymmetry as Ar{t) — 
a-TFG xx (t) cos(2ttj B^t), where et^F is the amplitude, 
7=135.5 MHz/T is the muon gyromagnetic ratio and G xx 
the transverse muon relaxation function, i.e. the time de- 
cay of the precession. Superconducting and magnetically 
ordered phases give rise to a different local magnetization 
M^, hence to distinctive features in G xx . The amplitudes 
of these distinctive signals are directly proportional to the 
volume fraction where the corresponding order parame- 
ter is established. 

The ZF asymmetry in the paramagnetic phase is 
<Az(t) = azFG zz (t), where the weak longitudinal relax- 
ation G zz originates from the nuclear dipolar fields. No 
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FIG. 1: ZF pSR, sample Y15 a) Normalized asymmetries 
at T/Tj m 0.17,0.96, 1.4,3.2; b) longitudinal and transverse 
weights uul(T),wt(T) with best fit (see text); c) longitudinal 
relaxation rate, Tj - , vs. temperature; the solid line is the 
best fit to a simple model [Tst- 



FIG. 2: TF /xSR data (fj, H = 22 mT). Asymmetry a) for 
T f <T = 20K<T C and b) for T = 3K < T/ in sample Y15; 
solid curves are best fits to a Gaussian damped precession, c) 
Relaxation rate <r M and d) internal field from the best fits 
for samples Y15 and Y17. 



specific feature appears below a SC transition. Magnetic 
order (whereby in ZF the local muon field B^ coincides 
with the internal field Bj) gives rise to 

A z {t) = a L G zz (t) + arGxx(t)cos(2TTj\Bi\t), (1) 

with ol + clt — azF-, distinguishing the longitudinal 
(Bi || Sfj,, amplitude ai,) and the transverse (Bi _L S^, 
amplitude ax) components, referred to the internal field 
Bi. A simple geometric argument for the weights u>l,t= 
o-l.t/clzf predicts wt = 2wl = 2/3 in polycrystalline 
samples. If only part of the sample is magnetically or- 
dered the weight becomes wj, > 1/3 and one can evalu- 
ate the volume fraction in which muons experience a net 
(AF) field Bi as f AF =3w T /2=3(1 - w L )/2. In the AF 
phase of 123 two /i stopping sites are detected 0, Hij . 
with distinct internal fields, but indistinct longitudinal 
terms. 

The combination of ZF and TF experiments on our su- 
perconducting samples, Y 9 _ 2 4, yields a complete picture 
of their low temperature electronic properties. The pres- 
ence of static magnetism in superconducting samples is 
demonstrated by the appearance of strong magnetic re- 
laxations in the ZF asymmetries, quenched by longitudi- 
nal fields larger than a few tens of mT. A clear example is 
given by sample Y15, with zero resistance at T c =30(l) K 
and h=0. 070(1), whose normalized asymmetry Az/cizf 
at T = 1.3 K (Fig. QJl) displays a very fast Gaussian re- 
laxing transverse component, which is the signature of a 
distribution of sizeable static internal fields. The best fit 
yields two Gaussian contributions of standard deviation 
cr/27r 7 =(B 2 - S2) 1 /2 = 25 mT and 5 mT respectively, 
which correspond roughly to the internal fields at the two 
H sites. For T — >0 their total weight, wl, is very close 



to the 1/3 value expected for a fully ordered material 
(see dashed curves in Fig. [TJi) . This proves the presence 
for T < Tf of local magnetic fields from static moments 
throughout the whole sample, although it does not exclude 
the simultaneous presence of superconducting carriers, to 
which ZF /iSR is insensitive. 

The magnetic transition is signaled by the appearance 
of a peak in the longitudinal relaxation rate T^ 1 at Tf, 
shown in Fig. ^ an d obtained from a fit to Eq. ^ with 
G zz =exp(—t/Ti). It is due to the freezing of spin dynam- 
ics upon formation of a cluster spin glass state (at lower 
dopings two distinct peaks are observed^, the second 
being due to critical slowing down of spin fluctuations at 
the Neel temperature Tat). 

An independent determination of Tf is obtained from 
weights. Figure shows that the transverse weight 
wt(T) disappears above Tf (above Tn, for lower dop- 
ings), whereas the longitudinal weight wl(T) tends to 
unity. Their smooth dependence indicates the presence 
of a distribution of transition temperatures. The solid 
curves in the figure are a fit to a Gaussian distribution 
model HI, yielding T f = 7.8(2) K and a width of the 
distribution of AT /= 2.1(2) K. 

The TF experiment on the very same sample quan- 
tifies the /iSR assessment of superconductivity. In the 
normal (paramagnetic) phase the local field coincides 
with fJ-oH and G xx {t) represents the weak Gaussian re- 
laxation of width a n due to the random nuclear magnetic 
dipoles; in the superconducting phase a flux lattice is es- 
tablished and G xx (t)^iexp[-(al_+ a^)t 2 /2] reflects the 
corresponding field distribution[2£|, approximated by a 
sizeable Gaussian decay parameter er M . Figure^ shows 
this damped precession. 
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FIG. 3: Samples Yg_24. a) magnetic transition temperatures 
(A from Wl, ♦ from T-^ 1 ) and SC critical temperature T c , vs. 
hole concentration h; three samples show a distinct Tjv>T/. 
b) Muon volume fractions vs. h: AF (o, at T=0 K) and SC 
(A, for Tf <T<T C . Lines in a), b) are guides to the eye. c) 
Sketch of a stripe superconductor: the grid shows the CuC>2 
plaquettes in the superconducting layer, d) SQUID suscep- 
tibility in YBa 2 Cu 3 6 .97, Y 15 (A=0.70) and Y 20 (ft=0.75): 
HoH=0.1 mT, FC (▲) and ZFC (•). 

The temperature dependence of the fitted parameters 
ct m and Bfj, is shown in Fig. |2t and d, respectively, to- 
gether with those of the slightly more highly doped Y17 
sample (h— 0.73(1)). They reveal the typical features of 
powder /iSR data in the SC state, including a clear dia- 
magnetic shift of the local field B^ — /j,qH(1 + x), with 
X < 0. The solid lines in Fig^ are best fits to an effective 
BCS-like temperature power law [H for a^(T),T>T f , 
which allows the extrapolation of the u M (T=0) value and 
the evaluation of the transition temperature T cfl , which 
coincides with T c from zero resistance (R(T)=0) within 
±1 K. The signal amplitude asc is very close to that of 
the normal phase (ao, for T > T c ), and the volume frac- 
tion corresponding to the flux lattice signal is directly ob- 
tained as fsc = a sc/a-o, with a value remarkably close 
to unity. 

Spontaneous local fields B t appear for T < Tf. Since 
in polycrystalline samples they are randomly oriented 
with respect to HqH, the vector composition B^=\n H + 
Bi\ leads to a spread of precession frequencies resulting 
in a much stronger damping of the asymmetry. The ex- 
perimental data are shown in Fig.[2l3 with the same single 
Gaussian fit used for T > Tf (solid line). The true line- 
shape is not Gaussian and a loss of initial asymmetry is 
also evident. However both a^(T) and B^(T) (Fig.Hkd) 
clearly reveal the onset of magnetic order. 

ZF and TF results impose that nearly all implanted 
muons detect both a flux lattice for Tf < T < T c and 
an internal AF field for T < Tf. Qualitatively similar 
results are obtained throughout the whole series of sam- 
ples. Figure [3^ shows the dependence of the magnetic 



temperature Tf upon hole content h across the coexis- 
tence region. A few low doping samples (h < 0.055) 
display separate T N and Tf (two peaks|l6j in T^ 1 ). Also 
shown is T c corresponding to the midpoint of the SC tran- 
sition measured by resistance R(T). The smooth, con- 
tinuous behavior of all three temperatures demonstrates 
the well defined electronic properties of our samples and 
their high reproducibility. 

The issue is whether bulk superconductivity survives 
below Tf. It may well, since the coherence length [2llE^| 
is £ » 80 — 200 A for x = 0.60 — 0.57, much larger than 
the characteristic length scale of the SC stripes men- 
tioned above. Although the presence of SC below Tf 
might be retrieved from /iSR lineshape analysis, as it was 
attempted by modeling the complex internal field distri- 
bution in a single crystal |IJ, this is beyond the scope 
of our polycrystalline data and we reverted directly to 
SQUID magnetization measurements. 

Figure|3Ji shows field cooled (FC) and zero field cooled 
(ZFC) susceptibilities, x=M/(H-NM), of Y 15 , Y 20 and 
of a YBa 2 Cu3 06.97 sample, for reference, in a low field 
/j,oH=0.1 mT. We assume N=l/3 for the nearly spherical 
grain powders of average size Rml fim and neglect flux 
pinning [2j|, since Xzfc~Xfc- With these assumptions 
the field penetrates a spherical crust of thickness equal 
to the penetration depth A (extracted from the width, 
ct m = 7.58 • 10~ 8 A~ 2 in SI units[13) and from the ratio of 
shielded to total volumes we expect y=Yn(l — /) 3 with 
Xo = —1 and f — X/R, in good agreement [l5j with the 
data. No appreciable contribution to x is expected from 
an AF structure in low fields, below Tf = 7.8(2), 4(1) K, 
but a change in the superconducting volume would show 
up in the data, and it does not. Hence the whole volume 
remains superconducting down to 2 K, well below Tf, i.e. 
superconductivity is not modified by the onset of static 
AF correlations. 

The colored stripe in Fig.^jb shows the region where 
Tf<T c . We evaluate the fraction of muons experiencing 
AF local fields as /af=3(1 - w L )/2 (Fig. GJ>). Likewise 
the TF amplitude for Tf<T<T c yields the fraction fsc of 
muons stopped in a SC environment. Figure Eh displays 
the two fractions, which arc both close to unity for seven 
distinct samples (Y14-Y20) in a considerable portion of 
the colored area. 

There is no contradiction in these two findings since 
f af ~ 1 does not mean a localized moment at each Cu 
site. It merely indicates that each muon site experiences 
non vanishing internal magnetic field, i.e. that all im- 
planted muons are within a short distance d from static 
magnetic moments. Estimates 0, with dipolar fields 
(ocmr~ 3 , m«0.6/is), yield d~20 A, hence nanoscopic 
magnetic clusters must be present within the supercon- 
ducting volume. Savici et al. 9] show that for circular 
clusters a large volume fraction Vc u > 0.8 of ordered Cu 
moments would be required to reproduce the observed 
100% of magnetic sites, thus resulting in fsc < 0.2. 
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FIG. 4: YBa2Cu30s+i: a) muon Gaussian width <t m extrap- 
olated to T — vs.h; b) phase diagram. Solid lines are 
guides to the eye, dashed (Yi_j / Ca w Ba2Cu306+a;) and dot- 
ted (La2- a; Sr a ;Cu04) lines from ref. Oj. 



Hence our values fsc ~ Iaf ~ 1 (Fig. 0b) are not com- 
patible with a circular shape; rather they require linear 
clusters, where Vq u may be much smaller than /af- An 
example is shown in Fig yp: fragments of chain sepa- 
rated by superconducting stripes of width 2d result in 
fsc~l — a /d (a = 3.8 A is the lattice spacing), with all 
\i sites within a distance d from Cu moments, within a 
percolating SC infinite cluster. 

Figure 0Jd shows the full phase diagram for 123, in- 
cluding our older data. From this plot the critical hole 
density for superconductivity is h c =0. 055(3). Note that 
Tf(h) extrapolates to zero around h — Q. 082(3), a much 
lower value than those of I^-^Sr^CuC^ and Yi_j,Ca y - 
Ba2Cu30g+a:j and very far from the optimal SC value 
/i=0.16. This agrees with the larger distance between ac- 
tive and charge reservoir layers in the case of 123, which 
reduces the influence of ionic disorder on magnetism and 
it suggests the lack of a causal link between AF and SC 
properties. 

The appearance of local internal fields at all muon sites 
implies nm distance between AF stripes, while supercon- 
ductivity requires a domain size larger than £>10 nm. 
How can these two geometrical constraints coexist? Only 
if AF correlations and SC pairing do not interfere. Metal- 
lic clusters nucleate in stripe form already at very low 
doping [lil |25| , in what resembles the negative of Fig. 
0t. AF cluster spin glass order survives above the criti- 
cal metallic percolation threshold h c , which corresponds 
to SC onset, probably because disorder frustrated AF 
correlations are harmless to SC pairing. 

Finally the dependence of the muon width[24| o^(T = 
0)cxA~ 2 upon h is plotted in Fig.0^,, together with a selec- 



tion of results for higher dopings from ref. |3, |22j and ref- 
erences therein. The penetration depth is \cc(n s /m)~i 
hence, neglecting the variation of the effective mass m, 
the data show the dependence of the density of supercar- 
riers n s on h. Our data confirm the parabolic decrease of 
n s {h) down to very small values of h — h c . Our data are 
also in agreement with the linear portion of the Uemura- 
plot (2^, thanks to the parabolic shape 0] of T c vs. 
h. The largest measured value of X(h) is 410(20) nm for 
/i=0.070(l). 

In conclusion we have demonstrated that a nanoscopic 
coexistence of static stripe-like magnetism and supercon- 
ductivity takes place in 123 as well. We have carefully 
mapped the phase diagram and complemented earlier 
measurements of X(h). Our observation of bulk super- 
conductivity in Y15 and Y20 below the onset of sponta- 
neous AF internal fields throughout most of the sample 
suggests that AF order and SC show minimal interfer- 
ence. In view of the nanoscopic coexistence of AF and SC 
domains it seems that the AF strings are almost trans- 
parent for superconducting carriers, which in our view 
reduces the plausibility for any magnetic model of high 
temperature superconductivity. 
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